Purpose In some reports, 5-Xuorouracil has been associated with modest activity in patients with neuroendocrine tumors. Pemetrexed is a multitargeted antifolate with activity in tumor types not signiWcantly responsive to other antifolates. We evaluated the eYcacy of pemetrexed in a phase II study of patients with advanced neuroendocrine tumors. Methods Patients with metastatic neuroendocrine tumors (excluding small-cell carcinoma) were treated with pemetrexed administered intravenously at a dose of 500 mg/m 2 every 21 days. To reduce potential toxicity, patients also received folic acid, vitamin B12 supplementation, and periinfusional treatment with dexamethasone. Patients were followed for response, toxicity, and survival. Results The study was designed with a total accrual goal of 32 patients. Due to lack of radiographic responses in patients during the study period, accrual was terminated at 17. However, one patient achieved a delayed partial response following discontinuation of pemetrexed. Ten patients were evaluable for biochemical response; Wve (50%) experienced >50% decrease in plasma chromogranin A.
Introduction
Although neuroendocrine tumors are typically indolent, patients with advanced disease ultimately succumb to complications of disease progression or hormonal excess. The eYcacy of standard cytotoxic chemotherapy in the treatment of such patients has been limited. Traditional antifolates such as 5-Xuorouracil (5-FU) are commonly incorporated into such regimens but have been associated with only modest activity. In early studies, single-agent 5-FU was associated with a single-agent response rate of 18-26% [1] . The response rates reported for 5-FU in combination with streptozocin have ranged between 16 and 21% among patients with metastatic carcinoid tumors. In patients with metastatic pancreatic neuroendocrine tumors, a three-drug combination of streptozocin, 5-FU, and doxorubicin has been associated with an overall response rate of 39% [2] [3] [4] . However, these regimens have also been associated with signiWcant side-eVects, including renal toxicity and myelosuppression. Similar activity but less toxicity has been observed with the combination of lomustine, a streptozocin derivative, and 5-FU. A retrospective analysis of 31 patients with neuroendocrine tumors treated with the combination of lomustine and 5-FU reported a partial response rate of 21% [5] .
A response rate of 71% was reported for the combination of the oral Xuoropyrimidine capecitabine in combination with temozolomide in a study of patients with pancreatic neuroendocrine tumors [6] . However, the relative contribution of capecitabine to the activity observed with these regimens is uncertain, as activity as also been observed with temozolomide in combination with thalidomide or bevacizumab [7, 8] .
Pemetrexed is a multitargeted antifolate that in vitro has been shown to inhibit thymidylate synthase (TS), dihydrofolate reductase (DHFR), and glycinamide ribonucleotide formyltransferase (GARFT), all folate-dependent enzymes involved in the de novo biosynthesis of thymidine and purine nucleotides [9] [10] [11] . Pemetrexed is active in multiple tumor types, including non-small-cell lung carcinoma and malignant mesothelioma, and diseases not known to be responsive to other antifolates [12] [13] [14] . In light of the promising activity observed with pemetrexed in other tumor types, and the lack of a standard, eVective chemotherapy for neuroendocrine tumors, we conducted a multi-institutional phase II trial to assess the activity of pemetrexed in patients with neuroendocrine tumors.
Patients with metastatic carcinoid or pancreatic neuroendocrine tumors were treated with pemetrexed at a dose of 500 mg/m 2 administered intravenously every 21 days. Folate and vitamin B12 nutritional status aVects the toxicity of pemetrexed. Supplementation with low dose folic acid and vitamin B12 reduces pemetrexed-related toxicity and was mandatory in our study [15] . Patients were followed for a primary endpoint of radiologic tumor response, as well as for evidence of biochemical response, toxicity, and survival.
Patients and methods

Patient population
The study population consisted of patients with histologically conWrmed, metastatic or locally unresectable neuroendocrine tumors, excluding small-cell carcinoma. Patients were excluded if they had clinically apparent CNS metastases or carcinomatous meningitis, history of myocardial infarction in the 6 months before protocol treatment, history of major surgery within 2 weeks before treatment initiation, or history of uncontrolled serious medical or psychiatric illness. Patients who were pregnant or lactating were excluded from study entry. All patients were required to be able to take vitamin supplementation according to protocol requirements, and provided signed, informed consent as required by the institutional review boards of their respective institutions.
Treatment program
Pemetrexed was administered at a dose of 500 mg/m 2 as an intravenous infusion given every 21 days until disease progression, unacceptable toxicity, or withdrawal of consent. Three weeks of study drug was considered to be one cycle of treatment. Folic acid was taken as an oral dose beginning 5-7 days prior to the Wrst dose of pemetrexed and continued daily until 3 weeks after the last dose of pemetrexed. Patients took 350-1,000 g of folic acid or a multivitamin containing folic acid in the range of 350-600 g daily. Vitamin B12 was administered as a 1,000 g intramuscular injection 1-2 weeks prior to the Wrst dose of pemetrexed and continued approximately every 9 weeks until 3 weeks after the last dose of pemetrexed. Patients received dexamethasone 4 mg given orally twice daily on the day before, the day of, and the day after each dose of pemetrexed for rash prophylaxis, unless medically contraindicated.
Dose adjustments for pemetrexed were made for hematologic toxicity. Treatment was held if patients developed an ANC less than 1,500/mm 3 or a platelet count of less than 100,000/mm 3 , and was not resumed until full hematologic recovery. On recovery, treatment was resumed with a dose reduction of 75% of the previous dose of pemetrexed. For patients developing treatment-related non-hematologic toxicities, pemetrexed was withheld until resolution to less than or equal to the patient's pre-therapy value. Treatment was resumed at 75% of the previous dose for any Common Toxicity Criteria grade 3 or 4 toxicity. Pemetrexed was discontinued if a patient experienced any treatment-related hematologic or non-hematologic grade 3 or 4 toxicity after 2 dose reductions. Patients who were unable to resume therapy within 3 weeks were removed from study treatment. Treatment was also discontinued if the patient experienced unacceptable toxicity levels.
Radiologic tumor assessments with computed tomography scan, as well as biochemical assessments with plasma chromogranin A levels were performed every 3 cycles (9 weeks) after initiation of treatment. Radiologic response was classiWed according to RECIST. Biochemical response, a secondary end point in the protocol, was deWned as a decrease in chromogranin A by 50% or more from baseline (in patients with an elevated chromogranin A at baseline).
Statistical considerations
This phase II study was designed with the primary end point of response. A true response rate of¸15% would have been considered evidence of promising activity in this patient population, whereas a response rate of <5% would have been considered evidence of inactivity. The study used a two-stage design. Once accrual had reached 17 patients, at least one response (CR or PR) was required to proceed to the complete accrual goal of 32 patients. The drug would have been considered active if the second stage was completed with 3 or more responses. With this design, the probability of terminating the study after 17 patients was 0.42 if the true, but unknown, response rate was 5% and 0.06 if the true, but unknown, response rate was 15%. Progression-free and overall survival estimates were calculated using Kaplan-Meier methodology [16] . Progressionfree survival was deWned as the time from date of study entry to the Wrst documentation of objective tumor progression or death; patients who were removed from the study without evidence of disease progression or death were censored at the time they were removed from the study. Toxicity and complications of treatment were assessed based on reports of adverse events, physical examinations, and laboratory measurements.
Results
Patient characteristics
The study was designed with a total accrual goal of 32 patients. However, due to lack of radiographic response, accrual was terminated at 17 patients. The baseline patient characteristics are shown in Table 1 . Patients had a median age of 58 years; 76% were male, and 24% were female. The majority (71%) had an ECOG performance status of 1. Eleven patients (65%) had metastatic carcinoid tumors, 5 (29%) had metastatic pancreatic neuroendocrine tumors, and 1 (6%) had metastatic pheochromocytoma. All patients, with the exception of one patient with a poorly diVerentiated pancreatic neuroendocrine tumor, had well to moderately diVerentiated neuroendocrine tumors. Thirteen patients (76%) had received prior chemotherapy, which included traditional neuroendocrine tumor regimens containing streptozocin, doxorubicin, Xuorouracil, or temozolomide. Nine patients received prior therapy with octreotide and remained on octreotide at the same dose during study therapy. The median chromogranin A level at baseline was 526.6 ng/ml, with a range of 4.4-36,647.1 ng/ml; 10 patients had elevated chromogranin A levels (>36.4 ng/ml) at baseline and were subsequently assessable for biochemical response.
Treatment administration and toxicity
Seventeen patients received treatment for a median of 69 days (range, 15-300 days). Treatment-related adverse events are summarized in Table 2 . Neutropenia, lymphopenia, and thrombocytopenia were the most common grade 3 or 4 treatment-related hematologic toxicities, observed in 29, 18 and 18% of patients, respectively. Grade 3 fatigue was observed in 7 (41%) patients. Less common toxicities included edema, skin rash, and mild nausea, vomiting, constipation, or diarrhea. Five (29%) patients discontinued treatment because of treatment-related toxicity ( Table 3 ). The median time to treatment discontinuation for toxicity was 69 days. Toxicities resulting in treatment discontinuation included pneumonitis (two patients), edema (one patient), elevation in creatinine (one patient), and thrombocytopenia (one patient). Other reasons for treatment discontinuation included withdrawal of consent (35%) or disease progression (35%). There were no treatment-related deaths.
EYcacy
No patients experienced complete or partial radiologic responses by RECIST guidelines while receiving treatment on study (Table 4) . Nine patients (53%) had stable disease at the 9-week follow-up imaging, and of these patients, 4 (24%) continued to have stable disease at 18 weeks. Six patients (35%) had progressive disease as their best response to therapy. Eight patients had radiographic progression of disease prior to initiating therapy with pemetrexed; two of these eight patients had stable disease at the 9-week follow-up imaging. One patient with metastatic pancreatic neuroendocrine tumor, previously treated with the combination of temozolomide and bevacizumab, who stopped treatment after three cycles due to toxicity had stable disease at the time treatment was discontinued.
However, she had gradual shrinkage of tumor oV therapy and eventually achieved a partial response more than 1 year after stopping treatment. The patient received no additional therapy, including octreotide, and the response has been maintained for over 2 years. Ten patients had elevated chromogranin A levels at baseline and were subsequently evaluable for chromogranin A response. Of these patients, Wve (50%) experienced decreases of chromogranin A of more than 50%, and Wve (50%) had stable or progressive chromogranin A levels (¸25% increase) as their best response to treatment. The Wve patients with evidence of biochemical response included four patients with carcinoid tumor and one with pancreatic neuroendocrine tumor. Only the patient with pancreatic neuroendocrine tumor, whose prior treatment included hepatic chemoembolization and multiple lines of systemic therapy consisting of capecitabine, interferon, temozolomide and thalidomide, had a sustained biochemical response lasting more than two cycles of treatment.
The median follow-up time for the patient cohort was 8.3 months (range, 2.5-30.3 months). Six-month progression-free survival was 61%; median progression-free survival could not be assessed due to the high number of censored patients who withdrew from study treatment without radiological progression (Fig. 1 ). To date, 10 patients (59%) have died; the median overall survival time for the entire study population was 12.1 months (Fig. 2) .
Discussion
While designed with an original accrual goal of 32 patients, a lack of radiographic tumor responses in the Wrst 17 patients during the study period resulted in early termination of the study. Interestingly, however, one patient with stable disease who stopped treatment due to toxicity had gradual shrinkage of tumor oV therapy and eventually achieved a partial response more than 1 year after stopping treatment. Additionally, 5 of 10 evaluable patients experienced biochemical (chromogranin A) responses although the duration of response was limited. The identiWcation of a single patient with a delayed response, together with evidence of biochemical responses, suggests that pemetrexed may have modest, though limited, activity in neuroendocrine tumors. The relatively limited eYcacy of pemetrexed parallels prior experience with 5-FU in neuroendocrine tumors. Pemetrexed, like 5-FU, is an inhibitor of thymidylate synthase. The eYcacy of 5-FU has been shown to be inversely correlated with thymidylate synthase (TS) levels. Well diVerentiated neuroendocrine tumors have been shown to have relatively high TS mRNA levels, possibly explaining their relative resistance to Xuoropyrimidines and related drugs [17] .
A high proportion (29%) of patients discontinued treatment due to toxicity, and an even greater proportion (35%) withdrew consent while on the study. The majority of patients (82%) reported fatigue, and 41% experienced grade 3 fatigue interfering with activities of daily living. These Wndings contrast with relatively good tolerance of pemetrexed in other tumor types, including mesothelioma and lung cancer. The relatively poor tolerance of pemetrexed in our patient population may be related to the fact that the majority of patients (76%) had undergone prior treatment with cytotoxic chemotherapy, and 29% had undergone hepatic-directed therapy with chemoembolization. The presence of carcinoid syndrome and chronic diarrhea in some of our patients may also have resulted in nutritional impairment, making patients more prone to pemetrexed-associated toxicity.
Interstitial pneumonitis has been reported as a rare toxicity associated with pemetrexed [18] . Two patients in this study experienced pneumonitis attributed to pemetrexed. Both patients developed fever, cough, and dyspnea following the third dose of pemetrexed. Chest CT scan revealed scattered ground-glass opacities in one case and bilateral consolidation in the other. Infectious disease evaluation was unremarkable for both patients, one of whom underwent bronchoscopy. In both cases, symptoms and radiographic Wndings improved after discontinuation of pemetrexed without need for steroids.
To date, alkylating agents have demonstrated the most consistent antitumor activity in neuroendocrine tumors. While the combination of streptozocin and Xuorouracil has modest activity in patients with carcinoid tumors, the association of this regimen with both renal and hematologic toxicity has precluded its widespread use, particularly in light of the often indolent nature of this disease. Regimens incorporating either streptozocin or temozolomide appear to have greater activity in patients with advanced pancreatic neuroendocrine tumors and are increasingly used in this setting. With the exception of temozolomide, most newer cytotoxic agents have proved relatively inactive in neuroendocrine tumors. High-dose paclitaxel, administered with granulocyte-colony-stimulating factor, was evaluated in 24 patients with metastatic carcinoid or islet cell tumors [19] . SigniWcant hematologic toxicity was observed, and responses were noted in only 8% of patients. Docetaxel was associated with biochemical responses but did not result in any radiologic responses in a recent Phase II trial involving 21 patients with carcinoid tumors [20] . Similarly, no objective radiologic response were seen in a phase II study of 19 patients with metastatic neuroendocrine tumors treated with gemcitabine [21] .
Novel, targeted agents currently in development or under investigation may prove more promising in neuroendocrine tumors. Neuroendocrine tumors are highly vascular, and overexpression of vascular endothelial growth factor (VEGF) along with VEGF receptor (VEGFR) Fig. 2 Overall survival subtypes, has been observed in both carcinoid tumors and in pancreatic endocrine tumors [22] . In a phase II trial, 44 patients with advanced or metastatic carcinoid tumors on a stable dose of octreotide were randomly assigned to receive either bevacizumab (15 mg/kg), a humanized monoclonal antibody targeting VEGF, or pegylated interferon--2b (0.5 g/kg) [23] . Four of 22 patients (18%) treated with bevacizumab achieved conWrmed radiographic partial responses compared with none of the patients who received pegylated IFN--2b. After 18 weeks, 95% of patients treated with bevacizumab remained progression free, compared with 68% of patients treated with IFN--2b. Sunitinib, a multitargeted tyrosine kinase inhibitor with activity against VEGFR-1 to 3, platelet derived growth factor receptor (PDGFR), FMS-like tyrosine kinase-3 (FLT-3), c-Kit and RET, has antitumor activity due to both inhibition of angiogenesis and direct antiproliferative eVects on tumor cells. In a phase II trial of patients with advanced neuroendocrine tumors treated with sunitinib, radiographic responses were observed in 16.7% (11 of 66 patients) of patients with pancreatic neuroendocrine tumors and 2.4% (1 of 41 patients) of patients with carcinoid tumors [24] . High rates of stable disease were also observed. Finally, in another recent phase II trial, 51 patients with carcinoid tumors and 42 patients with pancreatic neuroendocrine tumors were treated with sorafenib, a small molecule that inhibits multiple kinases, including VEGFR-2, PDGFR-and the RAF serine/threonine kinases along the RAS/RAF/MEK/ERK pathway [25] . ConWrmed partial response rates to treatment were seen in 7% of patients with carcinoid tumors and 11% of patients with pancreatic neuroendocrine tumors. 58% of patients with carcinoid tumors and 72% of patients with pancreatic neuroendocrine tumors were progression free at 6 months.
Encouraging results have also been obtained in studies with inhibitors of mammalian target of rapamycin (mTOR), a serine-threonine kinase that participates in the regulation of cell growth, proliferation, and apoptosis through modulation of the cell cycle. In a multicenter study, 37 patients with advanced progressive neuroendocrine tumors were treated with weekly intravenous temsirolimus. The intentto-treat response rate for the cohort was 5.6%. Outcomes were similar between patients with carcinoid and pancreatic neuroendocrine tumors [26] . Additionally, a recent phase II clinical trial examined the combination of the mTOR inhibitor everolimus at a dose of 5 or 10 mg per day and Sandostatin LAR in patients with advanced neuroendocrine tumors [27] . The response rates to treatment among 30 patients with carcinoid tumors and 30 patients with pancreatic neuroendocrine tumors were 17 and 27%, respectively. Clinical trials are ongoing to conWrm the activity of everolimus in this population.
In conclusion, we observed only modest activity associated with pemetrexed in neuroendocrine tumor patients. Our observations are limited to some extent by relatively small patient numbers and the inclusion of a heavily pretreated patient population; furthermore, our trial was not designed to assess a potential impact on time to tumor progression. Nevertheless, the toxicity observed with pemetrexed in this patient population would likely preclude its routine use for this indication. Investigation of novel, molecularly targeted agents may oVer more promise in this disease.
